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Abstract 
The development of materials for use in hydrogen technology is carried out within a minimalist and ecologist purpose. In such a 
way, this work presents results on the synthesis and characterization of materials for two different applications related to the use 
of hydrogen in a clean technology scheme. The materials are obtained by heat treatment of a mixture of intermetallics 
synthesized by medium energy milling from a mixture of LaNi5 (70% m/m), (La0.25Ce0.52Nd0.17Pr0.06)Ni5 (30% m/m). Samples 
were characterized during the milling process by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Three stages 
of milling were identified. Final mixture obtained was thermally treated in Ar atmosphere at 600 ° C during 24 h for the potential 
application in thermal compression of hydrogen. Similarly, the sample was thermally treated in air at different temperatures for 
its potential application in hydrogen gross purification. 
© 2014 The Authors.Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
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1. Introduction 
As energy demand increases, the use of the hydrogen technology as an alternative energy system becomes a 
relevant issue in order to replace the different stages of the current one based on fossil fuels.  
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This replacement is mostly needed due to the shortage on the supply of these fuels, Momirlan and Veziroglu 
(2002). 
The development of the hydrogen technology for future use needs the research of techniques and processes 
associated to the different stages involved such as production, transport, storage compression and purification, 
Bartolozzi et al. (2013). 
On the rediscovery of traditional materials for this purpose, the family of Intermetallics (IM's) of the type AB5, 
represents a possible candidate for different applications. Once the candidate is selected, the synthesis method and 
possibilities of use of the material in the hydrogen technology are the next steps to develop.  
Among possible synthesis techniques, mechanical alloying is one originally used in the ceramic industry, 
Suryanarayana(2001). Due to its versatility and ability to obtain products under different atmospheres and in a wide 
range of temperatures, it is successfully employed in the development of new materials. Among them, we can 
highlight the synthesis of intermetallics, Koch et al. (1996). 
Using this technique, intermetallics (IM's) of the AB5 type can be obtained starting from its constituents or from 
IM´s of different compositions, Cerón and Esquivel (2010), Blanco and Esquivel (2013). Given the necessity to 
obtain these materials on a large scale and economically, the mechanical alloying is an appropriate method of both 
rapid synthesis and convenient cost compared to methods of synthesis of high temperature and more technological 
requirements, Liang et al. (2001), Simičić et al. (2001), Jurczyk et al: (2002), Esquivel and Rodriguez (2009), 
Obregón et al (2012). The inherent characteristics of AB5-type materials make them suitable for two stages of 
hydrogen technology: 
a) Thermal compression of hydrogen: the study of these materials applied to this stage focuses the analysis on the 
crystallographic and structural properties as a function of different types of substitution in the A and B sites of the 
intermetallic. Then, the hydrogen sorption properties are correlated to these structural changes. Esquivel et al. 
(2012), Esquivel and Rodriguez (2009). 
b) Hydrogen gross purification: The study is focused on the synthesis of composites of the AO2/B type where the 
AO2 is a lanthanide-based oxide and B is a catalytic metal, Esquivel et. al (2012), Esquivel (2013). 
The aim of this work is the synthesis of IM´s for two potential applications to the hydrogen technology: TCH and 
HGP. The mixture of IM´s was synthesized from two IM’s of different compositions. The samples were 
characterized to observe the different stages of the milling as function of integrated milling time (tim). Once the final 
sample is obtained, the parameters of synthesis and improvement for application in TCH and HGP are discussed 
along to the microstructural and structural characteristics of the final mixture of IM’s. 
 
Nomenclature 
ε Strain  
D Crystallite size 
QT Theoretical heat of full formation of oxides from the compound 
Q(t) Heat produced during oxide formation as function of  time  
Hf Heat of oxide formation 
D Reaction degree  
 
2. Experimental 
LaNi5 and MmNi5 (Mm = Mischmetal = La0.25Ce0.52Nd0.17Pr0.06) were set together with stainless steel balls in a 
stainless steel chamber of a medium energy ball mill (Pulverissette6, Fritsch). The MmNi5 used was obtained by 
mechanical alloying from constituents whereas LaNi5 is a commercial product (REACTON, 99.9% purity). 
Intermetallics mass ratio selected was LaNi5 70% (mass/mass) / MmNi5 30% (mass/mass). The balls/sample mass 
ratio selected was 6.28. Selected milling speed was 100 rpm. Samples were extracted from the chamber at different 
tim to characterize and determine the structural and microstructural changes occurring during the process. 
Sampling was carried out in air, but the milling was performed under Ar. The samples were analyzed by X ray 
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diffraction (XRD) in a Phillips PW1710/01 device with KD Cu radiation (graphite monochromator).  Particle size 
and morphology were observed in a scanning electronic microscope (SEM) Phillips SEM 515. Composition was 
estimated by energy dispersive spectroscopy in an EDAX Genesis 2000 spectrograph. An aliquot of the final sample 
was thermally treated at 600 °C in Ar atmosphere to develop crystalline characteristics. The final sample was 
analyzed by differential scanning calorimetry (DSC) in a TA Instruments DSC 2970 calorimeter in air and Ar. 
The remnant aliquot was treated in air at temperatures above 300 ºC, 400 ºC and 500 ºC to analyze the products of 
reaction by XRD and SEM. 
3. Results and discussion 
3.1. Characterization of initial IM’s 
Diffractograms of the initial reactants, LaNi5, Blanco and Esquivel, (2013) and MmNi5, are presented in Figures 
1 and 2 respectively. By performing an analysis of them and indexing the peaks, it was determined that the sample 
of LaNi5 do not present minor phases to the detection limit of the technique. Following the same analysis for the 
MmNi5 diffractogram, it can be observed the presence of two extra phases: Ni and Mm7Ni3 with the main AB5 one. 
The peaks of diffractograms of the samples were indexed using the program CELREF using as starting bibliographic 
data of phases analyzed. 
 
 
Fig. 1: Diffractogram of LaNi5 
 
 
Fig. 2: Diffractogram of MmNi5 
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Structural and microstructural properties are summarized in Table 1.Values presented correspond to LaNi5 and 
MmNi5 phases. 
The microstructural properties analyzed are strain [ε], and crystallite size [D]. These properties were obtained by 
using the single peak method, Langford et al. (1988). Calculation was done on isolated peaks to avoid interference 
of neighboring peaks.  
 
Table 1: Structural and microstructural properties and composition of initial IM’s 
IM’s Space group 
a [Å] ± 
0.02 
c [Å] ± 
0.02 
V [Å3] ± 
0.02 hkl 
D [Å] ± 
10 
ε [%] ± 
0.05 Elements 
Atomic % 
Nominal Measured ± 3 
LaNi5 P6/mmm 5.02 3.98 86.75 
1 0 0 1200 0.45 La 20 18 0 0 1 1170 0.35 
0 1 1 1220 0.40 Ni 80 82 1 1 0 1350 0.35 
MmNi5 P6/mmm 4.91 3.99 83.02 
1 0 0 390 0.55 Site A La 25 24 
0 0 1 460 0.45 Ce 52 51 Nd 17 19 
0 2 2 430 0.40 Pr 6 a7 Site B 
1 1 0 460 0.35 Ni 100 98 Fe ---- 2 
 
Morphology of initial samples was analyzed by SEM to correlate the changes produced by mechanical alloying 
since characterization of milling stages is strongly linked to the morphological evolution of the reactants. Figure 3a 
shows a SEM micrograph of the size distribution of the MmNi5 sample. It is observed that the sizes are between 5 
and 100 μm. Values of 10 μm or less are predominant. 
Fig 3b shows the detail of a particle of this sample. This particle presents a surface severely deformed by fracture 
and cold welding. It is possible to see the folds produced by cold welding. It is strictly related to the synthesis 
method of the intermetallic obtained by mechanical alloying and then heat treated in Ar at 600 °C for 24. The last 
step was done to improve the microstructure. 
 
 
 
Fig 3: SEM images of initial samples. a) Particles of MmNi5. b) Detail MmNi5 particle surface. c) Particle of LaNi5. d) Detail of the surface of 
LaNi5. 
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Fig. 3c shows a characteristic particle of LaNi5. It is seen that the surface is smooth and it has sharp edges 
distinctive of samples obtained by near equilibrium (high temperature) synthesis method. A detail of this smooth 
surface is shown in Figure 3d. These morphologies are consistent with the XRD results shown in Figures1 and 2. 
LaNi5 sample was obtained in near equilibrium condition at high temperature, associated to a more developed 
crystalline microstructure. Instead, the MmNi5 morphology observed on the surface corresponds to less developed 
microstructural parameters as deduced from values obtained in Table 1. 
The elemental composition of the initial samples was analyzed by energy dispersive spectroscopy (EDS). Table 1 
summarizes the values of elemental composition and atomic percent for both MmNi5 and LaNi5. 
The values calculated from EDS measurements for LaNi5 and MmNi5 are close to those obtained by neutron 
activation analysis performed to Mm alloy, Esquivel and Meyer (2007). These values are considered as theoretical. 
By EDS analysis, it was determined that the sample of MmNi5 was contaminated with Fe. This may be due to the 
milling process. Although the atomic percentage of Fe is negligible, it is near the detection limit of the technique. 
3.2. Milling stages 
Final sample was mechanically alloyed for 54 h. Three stages of MA were identified: initial, intermediate and 
final, Cerón et al. (2010), Blanco and Esquivel. (2013). The completion stage did not occur in the selected 
experimental time. Fig. 4 shows the morphological changes of the particles in samples extracted at different 
integrated times.  
 
 
Fig. 4: SEM images of samples at different tim a) 4h. b) 12h. c) 20 h. d) Particle surface detail. 20h. 
 
x Initial stage (0 h < tim < 4 h) 
Fig. 4a shows the particle distribution of tim = 4 h. It is clearly observed that this stage is controlled by fracture of 
the relatively larger particles of LaNi5 indicated by labels. It is deduced from this image that the particle sizes of 
LaNi5 significantly decreased respect to the original particles initially of the order of a few cm. Facetted edges are 
observed. The average particle size of MmNi5 is homogeneous and smaller than LaNi5 which has a strong 
correlation with SEM images presented in Figure 3. Compositional changes are evaluated by means of XRD. Figure 
5a shows the diffractogram of the sample of tim = 4 h. It is noticed the presence of peaks corresponding to MmNi5 
and LaNi5. At this stage, the composition is not homogeneous. Intermetallic compound is not formed yet which 
implies a poor of development of cold welding. This behavior is typical of the initial stages in the milling process. 
 
x Intermediate stage (4 h < tim < 12 h) 
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Figure 4b shows a sample treated for 12h. It is seen the presence of folds associated to cold welding over the 
edges of larger particles. This suggests that this stage is controlled by fracture and influenced by cold welding. This 
phenomenon can be analyzed compositionally in Fig 5b. In this figure, the 111 peak corresponding IM product is 
between the 111 peaks of the initial IM's. This displacement indicates that there is a diffusion process between both 
structures. The height/background ratio of the peaks decreases due to crystallite size decrement and strain increment 
induced by the cycle of fracture and cold welding. In this case, the mechanism of fracture is predominant over cold 
welding because it is necessary for the particles to reach similar sizes in order to react. This behavior is related to 
intermediate stage. 
 
x Final stage (12 h < tim <54 h) 
In Figure 4c, it is observed a sample milled 20 h. In this period of the process, cold welding and fracture reaches 
equilibrium. The particle distribution shows more homogeneity. Figure 4d shows the detail of the surface of a 
particle. In this image, it can be seen agglomerates of particles and significant deformation of the surface. In Fig. 5c, 
the peak 111 of the milled sample is located between peaks corresponding to LaNi5 and MmNi5 indicating that the 
evolution of the milling process is influenced by cold welding. This process is the only one that produces 
compositional changes. This behavior is associated to final stage. 
 
 
Fig. 5: Diffraction patterns of milled samples at different tim a) 4 h. b) 8h. c) 54h. The diffractograms of initial MmNi5 and LaNi5 are used as 
reference. 
 
Table 2: Characterization of IM’s obtained 
IM’s a [Å] ± 0.02 
c [Å] ± 
0.02 
V [Å3] ± 
0.02 
Elements [Atomic %] ± 3 
Treatments D[Å] ± 10 
ε[%] ± 
0.05 Site A Site B La Ce Nd Pr Ni Fe 
LmNi5 5.01 3.99 86.73 73 20 6 1 99 1 
Milled 54h 430 0.45 
Annealed 
600ºC 960 0.15 
MlNi5 4.92 3.99 83.46 33 49 13 5 99 1 
Milled 54h 330 0.55 
Annealed 
600ºC 450 0.30 
 
In the final stage, a single IM compound is not obtained. Instead, two IM’s of the AB5 type are formed. The 
elemental composition was obtained from EDS analysis and the cell parameters were deduced from XRD 
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measurements. It is concluded that the two IM´s are a La-rich AB5’ (main phase) and a Ce-rich AB5’’ (minor phase). 
These compositions are referenced to both initial IM’s. 
The measured values obtained by EDS are presented in Table 3. Cell parameters of IM LmNi5 (La- rich) and 
MlNi5 (Ce-rich) were calculated by indexing all the peaks of the diffractogram. Figure 6 shows the XRD patterns of 
the sample milled for 54 h and its counterpart annealed at 600 °C in Ar for 24 h. Cell parameters obtained are shown 
in Table 2. 
 
 
Fig. 6: Diffractograms a) As-milled for 54h. b) As-milled and annealed at 600 °C for 24h. 
3.3. Thermal improvement in Ar 
Figure 6 shows the diffractogram of the IM after thermal improvement at 600 °C for 24 h. It is observed that the 
peaks corresponding to (200) and (111) families occur at the same 2T position of the as-milled sample indicating 
that no diffusion or formation of a new intermetallic occurs. The profile is more defined and relationship height/ 
background is increased associated to increase in crystallite size and decrease of strains. 
The results of the microstructural parameters of these samples calculated from the single peak method are 
compared. The values of the microstructure are shown in Table 2. It is seen that the crystallite size increases with the 
thermal improvement while the values of microstrains are decreasing. This kind of behaviour is characteristics in 
these materials, Obregon et.al (2012). 
3.4. Thermal heating in air 
Fig. 7 shows DSC isotherms of 300 ºC, 400 ºC and 550 °C. In isotherm at 300 °C, it is observed that a thermal 
event occurs. This temperature is high enough to oxidize the Mm and La but reactivity of Ni is low at this 
temperature. Then, the event is associated to the formation of lanthanide oxides. At 400 °C, there is a single thermal 
event but the reaction takes longer to reach stability. This is because this temperature is above the starting reaction 
temperature of Ni. Then, it is possible that a fraction of Ni is oxidized. Two thermal events are observed in the 
isotherm of 550 ºC. The first one is associated to the oxidation of the lanthanide elements and the second peak is 
related to the formation of NiO, Blanco et al. (2012).  
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Fig. 7: Isothermal curves in air. Sample milled for 24 h. 
 
Theoretical heat flow required to produce complete oxidation of elements A and B of the AB5, is calculated from 
the heat of formation of oxides of La2O3, NiO and MmO2according to the following chemical reactions: 
 
2 La + 3/2 O2o La2O3                                                                         (1) 
 
Mm + O2o MmO2                                                                                      (2) 
 
2 Ni + O2 → 2 NiO                                                                         (3) 
 
It is assumed that the heat of formation of the La-rich intermetallic oxide is approximately similar to La2O3 and 
that of IM and Mm (Ce-rich) is similar to the heat of formation of CeO2 . 
According to literature the heats of formation for La2O3=-1794.2kJ mol-1, NiO=-237.7kJ/ mol, Stull and Prophet 
(1971), Kubaschewsky (1979), Obregón et al. (2012).  
The theoretical heat of reaction was calculated using the following equation: 
 
୘ ൌ ୒୧୤ ൅୐୫୤ଶଷ ൅୑୪୤ଶ ൅୑୫୤ଶ                                        (4) 
 
The degree of advance of overall reaction is determined using the following equation:  
 
Ƚ ൌ ሺሻ ୘Τ                                                                                        (5) 
 
In this equation, QT is obtained from (4) and Q(t) is obtained from the integration of the experimental heat Q vs 
time (t). 
To produce complete oxidation of the lanthanide elements, the value of the degree of reaction should be greater 
than 0.3. This value is obtained from the heat of formation related to each metal/alloy. 
As observed in Figure 8 at 300 °C, only partial oxidation of lanthanide elements occurs. It is not deduced the 
formation of Ni oxides at 400 °C. At 550 °C, the curve reaches 90% of the heat required to produce complete 
oxidation of Ni. Complete oxidation of this metal is presented as a straight line at value 0.69. 
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Fig. 8: D (t) global reaction isotherms. 
 
XRD analysis was performed on samples treated at 300 and 600 °C for 24 h in air. The diffractograms are shown 
in Fig 9. 
Fig. 9a shows samples treated at 300 °C in air. It is seen the existence of four phases. The peaks correspond to 
MlO2, Lm2O3, and Ni, NiO. The presence of NiO at this temperature is associated to the longer time of treatment of 
the sample which allows the formation of the oxide respect to the shorter time of treatment of Figure 8. 
The reaction of the metals in the IM with O2 is made through a destabilization of the IM into the metal 
constituents, Esquivel (2013). Reactivity of lanthanides is higher than Ni. The effects of these processes are 
observed in the profile of the Figure 9a. Lanthanide oxides nucleate and grow at higher rates than NiO. At 300 ºC, 
lanthanide oxides peaks are wide due to small crystallite (crystalline domain) size. NiO peaks are thinner due to a 
slow nucleation/growth of the oxide. At 600 ºC, both component of the IM increase the rate of reaction with oxygen 
and also increase the rate of growth respect to nucleation. Therefore, peaks sizes are thinner. The rate of 
growth/nucleation ratio is higher for NiO than lanthanide-oxides. Therefore, NiO peaks are thinner than lanthanide-
based ones.  
 
Fig. 9: Diffractograms of samples treated in air for 24 h.  a) 300 ºC, b) 600 ºC  
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4. Conclusions 
From results obtained, it is determined that it is possible to introduce substitutions in sites A by mechanical 
alloying. It is possible to determine at least three stages in the milling process, the initial stage (0 h < tim < 4 h), 
intermediate stage (4 h < tim < 12 h) and a final stage (12 h < tim <54 h), completion stage was not reached in 
experimental time. This is associated to the low amount of energy provided. (-100 rpm and R = 6.28). These 
conditions are less energetic than reported in previous work, Blanco and Esquivel (2013). It is determined that 
thermal annealing does not introduce secondary phases. 
Different composites can be synthesized as function of temperature of treatment:  
1-For T < 300 ºC a composite of AO2/A2O3/Ni is obtained. 
2-For T > 300 ºC a composite of AO2/A2O3/NiO is obtained. 
Time of treatment becomes a parameter of control at T a 300 °C of NiO formation. The possibility of obtain an 
IM for different applications as a function of the thermal treatment favors the reduction of synthesis costs and waste 
production. 
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